Previous studies have shown that oxidized products of the phospholipid PAPC (Ox-PAPC) are strong activators of aortic endothelial cells and play an important role in atherosclerosis and other inflammatory diseases. We and others have demonstrated that Ox-PAPC activates specific signaling pathways and regulates a large number of genes. Using a phosphoproteomic approach based on phosphopeptide enrichment and mass spectrometry analysis, we identified candidate changes in Ox-PAPC-induced protein phosphorylation of 228 proteins. Functional annotation of these proteins showed an enrichment of the regulation of cytoskeleton, junctional components, and tyrosine kinases, all of which may contribute to the phenotypic and molecular changes observed in endothelial cells treated with Ox-PAPC. Many changes in protein phosphorylation induced by Ox-PAPC are reported here for the first time and provide new insights into the mechanism of activation by oxidized lipids, including phosphorylation-based signal transduction.
Introduction
One of the major contributors to heart disease and stroke is atherosclerosis, a chronic inflammatory disease of the vessel wall characterized by lipid accumulation, entry of monocytes, cell death and, in the final stage, thrombosis caused by plaque rupture. Notably, the accumulation of phospholipid oxidation products in the subendothelial space precedes the recruitment of monocytes, an early event in atherogenesis. We have previously identified oxidized products of 1-palmitoyl-2-arachidonyl-sn-3-glycero-phosphorylcholine (Ox-PAPC) as activators of endothelial-monocyte interactions. 1 Active lipid components of Ox-PAPC are found in LDL minimally modified by oxidation, apoptotic cells, 2 and atherosclerotic lesions. 3 Tsimikas et al. reported a correlation between levels of oxidized phospholipids with the risk of artery disease, 4 which supports the role of these compounds in the initiation and progression of atherosclerosis. 5 Expression array analysis of aortic endothelial cell culture from 12 human donors showed that Ox-PAPC regulates more than 1000 genes. 6 Inflammation, cell cycle, and coagulation were some of the functions associated with the genes regulated by Ox-PAPC. Genes regulated by Ox-PAPC and the time of their activation differ significantly from other known activators. For example, the levels of inflammatory gene induction by Ox-PAPC are increased for at least 16 h, as opposed to activators such as LPS, IL-1, and TNF (important endothelial activators) where peak induction of inflammatory genes is seen at 2 h. 7 Specific signal transduction pathways induced by Ox-PAPC have been elucidated through hypothesis-driven experiments. For example, we showed that IL-8, an inflammatory chemokine, is induced in human aortic endothelial cells (HAECs) by Ox-PAPC through a signaling cascade involving c-Src, JAK2, and STAT3. 8 Another example is the up-regulation of tissue factor via ERK activation in human umbilical vein endothelial cell. 9 Reported changes in protein phosphorylation induced by Ox-PAPC in HAECs include c-Src, STAT3, 10 JAK2, 8 eNOS, and AKT. 11 In human pulmonary endothelial cells, Ox-PAPC induces the phosphorylation of Raf, MEK1/2, p90 RSK, Elk, MKK3/6, p38, HSP27, JNK, ATF2, MYPT1, cofillin, FAK, and paxillin. 12 Despite the progress achieved by immunoblottingbased approaches, more information is needed to identify the network of cell surface proteins and signal transduction pathways regulating the concerted response to Ox-PAPC.
Recent developments in phosphoproteomics allow a comprehensive study of protein phosphorylation and reduce the time and cost associated with antibody-based research. Mass spectrometry (MS) can identify the phosphorylation of recep-tors and other signaling molecules at specific amino acid residues and provides a global survey of protein phosphorylation events that can be used in system biology studies. Among the existing protocols, digestion of proteins in solution, enrichment of phosphopeptides, and identification of peptides by liquid chromatography coupled to MS allow for the determination of hundreds of phosphorylation events in a single analysis. [13] [14] [15] [16] We have employed these techniques to identify and quantify the changes in phosphorylation induced by biologically active phospholipids in endothelial cells.
Ox-PAPC is a chronic low level activator of endothelial cells, and the magnitude of phosphorylation events induced by physiological levels of Ox-PAPC is relatively low in comparison to ligands such as growth factors. Thus, for these studies, we employed the phosphatase inhibitors vanadate and okadaic acid. These inhibitors have been successfully used to identify critical phosphorylation events stimulated by receptor activation in normal cells in cases where the increase in phosphorylation of signaling proteins contributes to downstream events but is otherwise relatively small and transient. [17] [18] [19] Many changes in protein phosphorylation induced by Ox-PAPC are presented here for the first time. We also identify specific sites of phosphorylation in proteins known to be activated by Ox-PAPC.
Methods
Cell Culture and Ox-PAPC Treatment. Bovine aortic endothelia cells (BAECs) (VEC Technologies, Rensselaer, NY) were cultured in MCDB131 (Invitrogen, Carlsbad, CA) supplemented with 15% FBS (HyClone, Logan, UT), 90 µg/mL heparin (Sigma, St. Louis, MO), and 20 µg/mL endothelial cell growth supplement (Fisher Scientific, Pittsburgh, PA). Human aortic endothelial cells (HAECs) were isolated as described previously 7 and cultured in M199 media (Invitrogen) supplemented with 20% FBS, 90 µg/mL heparin, and 20 µg/mL endothelial cell growth supplement.
PAPC (Avanti Polar Lipids, Alabaster, AL) was oxidized to Ox-PAPC by exposure to air as previously described, 3 and stored in chloroform. For treatment of BAECs and HAECs, chloroform was removed to obtain a lipid residue that was then resuspended in media to a final concentration of 40 µg/mL Ox-PAPC. For phospho-tyrosine enrichment, media used for control, and Ox-PAPC treated cells, contained 1 mM Na 3 VO 4 (Sigma; a 100 mM stock solution was prepared using PBS as solvent) for the duration of the treatment (40 min). For phospho-serine/ threonine enrichment, media used for control, and Ox-PAPC treated cells, contained 100 nM okadaic acid (EMD Chemicals, Gibbstown, NJ; a 200 µM stock solution was prepared using DMSO as solvent) for the duration of the treatment (40 min). In the case of phospho-serine/threonine enrichment, cells were pretreated with 100 nM okadaic acid for 1 h. Cells treated without phosphatase inhibitor for comparison were incubated with the same concentration and duration of PBS or DMSO solvents as their corresponding phosphatase inhibitor treated cells. Two batches of cells were expanded, treated, collected, and processed independently on separate days (biological replicates) for each enrichment procedure described below. Sodium pervanadate preparation and cell treatment was done as previously described. 20 BAECs were lysed and digested with trypsin as described previously. 16 For phospho-tyrosine enrichment, the amount of protein used for each sample was 30 mg. For phospho-serine/ threonine enrichment, the starting amount of protein was 10 mg. Phospho-Tyrosine Enrichment. Enrichment of phosphotyrosine peptides was done as described previously with minor modifications. 16 Lyophilized peptides were resuspended in 100 mM Tris-HCl and the pH adjusted to 7.4. Phospho-tyrosine peptides were immunoprecipitated with 4G10 antibody conjugated to agarose (Millipore, Billerica, MA) overnight at 4°C. The following day, agarose beads were washed with 50 mM Tris-HCl, pH 7.4, three times followed by two washes with 25 mM NH 4 HCO 3 . Phosphopeptides were eluted with 0.1% trifluoroaceric acid (TFA) for 15 min at 37°C, and concentrated by vacuum centrifugation. Further enrichment of phosphotyrosine peptides was achieved using PHOS-Select Iron affinity gel (Sigma) using the manufacturer's protocol. Peptides were released from the affinity gel with 1.6% NH 3 in water. NH 3 and water were removed by vacuum centrifugation and the peptides concentrated and desalted using MonoTip C18 (GL Sciences, Torrance, CA).
Phospho-Serine/Threonine Enrichment. Lyophilized peptides were resuspended in 5 mM KH 2 PO 4 (pH 2.65), 5 mM KCl, and 30% acetonitrile. Peptides were fractionated by strong cation exchange (SCX) chromatography using solid-phase extraction cartridges containing PolySULFOETHYL A (Poly LC, Columbia, MD). Collection of phosphopeptides started as soon as the SCX cartridge was loaded with peptides and continued throughout an initial wash with resuspension buffer (fraction Load and Wash; LW). The following fractions were collected with increasing concentrations of KCl in resuspension buffer. Fraction F1 was collected after elution with 17.5 mM KCl and fraction F2 was collected after elution with 70 mM KCl. Afterward, acetonitrile was evaporated by vacuum centrifugation and salts were removed by solid-phase extraction with C18 cartridges and eluted in 50% acetonitrile, 0.1% TFA. Lactic acid was then added to a final concentration of 150 mg/mL to decrease the binding of acidic unphosphorylated peptides in the next step. 21 Phosphopeptides were enriched using TiO 2 (PolyLC) for 45 min mixing constantly at room temperature. TiO 2 material was then washed with 45% acetonitrile, 0.1% TFA and the peptides were eluted with 3% NH 3 in water. NH 3 and water were removed by vacuum centrifugation and the peptides concentrated and desalted using MonoTip C18.
Mass Spectrometry and Phosphopeptide Identification
by Fragmentation Spectra Sequencing. Phosphorylated peptides were analyzed by LC-MS/MS using an Eksigent autosampler coupled with Nano2DLC pump (Eksigent, Dublin, CA) and LTQ-Orbitrap (Thermo Fisher Scientific, Waltham, MA). The samples were loaded onto an analytical column (10 cm ×75 µm i.d.) packed with 5 µm Integrafit Proteopep2 300 Å C18 (New Objective, Woburn, MA). Peptides were eluted into the mass spectrometer using a HPLC gradient of 5-40% Buffer B in 45 min followed by a quick gradient of 40-90% Buffer B in 10 min, where Buffer A contains 0.1% formic acid in water and Buffer B contains 0.1% formic acid in acetonitrile. All HPLC solvents were Ultima Gold quality (Fisher Scientific). Mass spectra were collected in positive ion mode using the Orbitrap for parent mass determination and the LTQ for data dependent MS/MS acquisition of the top 5 most abundant peptides. Each sample was analyzed twice (replicate runs), and in each run, one-sixth of the sample was injected. Thus, only one-third of the sample was used (10 mg of lysate protein equivalents for phospho-tyrosine enrichment and 3.3 mg for phospho-serine/ threonine enrichment). MS/MS fragmentation spectra were searched using SEQUEST (Version v.27, rev. 12, Thermo Fisher Scientific) against a bovine IPI protein database (v.3.35, released 25th September 2008 and downloaded from ftp.ebi.ac.uk). Search parameters included carboxyamidomethylation of cysteine as static modification. Dynamic modifications included phosphorylation on serine, threonine, tyrosine, and oxidation on methionine. Results derived from database searching were filtered using the following criteria: XCorr 1.0(+1), 1.5(+2), 2(+3), peptide probability score (BioWorks 3.2, Thermo Fisher Scientific) 0.001, and delta Cn 0.1. An additional filter of measured peptide mass tolerance, or mass accuracy (parts per million, ppm), was used in conjunction with both forward and reverse database searches (IPI bovine v3.35 reversed using BioWorks) to keep the false discovery rate (FDR) below 2%. The FDR was calculated as 2(n rev /(n rev + n for )) where n for is the number of unique peptides identified from the forward database and n rev is the number of unique peptide identified from a reversed database. The final FDR was 1.6% and all identified peptide mass accuracies are below 3 ppm as reported in Supplemental Tables 1 and 2 . The Ascore algorithm was used to more accurately localize the phosphate on the peptide (http://ascore.med.harvard.edu). 22 An Ascore value g19 indicates that the phosphorylation site on the peptide is located with >99% certainty.
Chromatography Profile Alignment and Alignment-Based Peak Identification. As is common in data-dependent MS2 fragmentation sequencing, some peptides identified by sequencing in one sample may not be sequenced or identified in another sample even if the peak is present. Phosphopeptide peaks sequenced in some samples but not others were located in the remaining samples by aligning the chromatogram elution profiles using a dynamic time warping algorithm. 23 Several related versions and applications of chromatography alignment algorithms have also been published. [24] [25] [26] [27] [28] An extended explanation of the strategy, and performance results, can be found in the Supplemental Figure 1 . Alignment results for each phosphopeptide peak were visually inspected across all samples using chromatography plots like those shown in Supplemental Figure 1g and 1i. Peptides with poor chromatography were eliminated from further analysis.
Quantitation of Phosphorylation Responses Activated by Ox-PAPC. Ratios of phosphopeptide peak intensities were calculated by dividing the average peak intensity from Ox-PAPC-treated cells by the average peak intensity from Controltreated cells. Peak intensities of phosphopeptides eluting in more than one fraction were added together. Each phosphopeptide peak intensity was visually inspected and corrected when necessary. In addition, a t test p-value was calculated between the replicate runs of LC-MS analysis of Control and Ox-PAPC samples. If a phosphopeptide was quantified in two biological replicates, then the lowest ratio and the maximum t test p-value value of the pair of biological replicates was selected. If the ratios of two biological replicates had opposing trends, then we assigned a ratio of 1 with no t test p-value. The vast majority of these cases involved small changes close to 1. If a phosphopeptide was quantified in only one biological replicate, then we used the single ratio and t test p-value available.
We determined the chance of obtaining a false positive result by comparing normalized values from the same treatment between biological replicates (i.e., Control vs Control and Ox-PAPC vs Ox-PAPC). The intensity values for the same phosphopeptide were scaled to each other by setting the mean of each peptide across the samples for one experimental batch equal to the mean for that peptide in the second experimental batch. We then established cutoff thresholds for ratio and t test p-value so that the false positive rate in our final results is less than 1%. These cutoff values were calculated independently for phosphopeptides detected and quantified in either one or two biological replicates. Phosphopeptides with the same sequence but different charge states or methionine oxidation states had to have all of the states above cutoff values to be considered as induced by Ox-PAPC.
Bovine IPI sequences were sequence-aligned using Blast against the human IPI protein sequence database (v.3.56, released 3rd March 2009; 1e -45 maximum e-value) to conduct further data analysis using the human homologue, including the identification of the corresponding phosphorylation site.
Pathway Enrichment Analysis. Pathway enrichment analysis for gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotations were done using DAVID Bioinformatic Resources 2008 after mapping IPI proteins to Entrez genes. 29 Two groups of gene products were used to calculate enrichment p-values for the GO and KEGG functional categories: (a) "changed" is the list of proteins with significant differences in phosphorylation between Control and Ox-PAPC samples in at least one phosphorylation site as indicated in Supplemental Tables 1 and 2 , and (b) "detected" is the complete list of proteins identified by mass spectrometry in the study using either phosphopeptide enrichment procedure as listed in Supplemental Tables 1 and 2 . For the results summarized in Table 3 (and more completely shown in  Supplemental Tables 3 and 4) , we used "changed" as the gene product list and "detected" as the background list to ask whether the phosphoproteins that are modulated by Ox-PAPC exposure are functionally and statistically distinct from the background of phosphoproteins detected in our experiments. Additional pathway enrichment analysis was also done to compare the types of phosphorylated proteins detected in aortic endothelial cells compared to all proteins encoded in the genome. This analysis is fully described in Supplemental Tables 3 and 4 along with the results.
Quantitative Immunoblotting. BAECs and HAECs were lysed with 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 µg/ mL aprotinin, 1 µg/mL leupeptin, 1 µg/mL pepstatin, 1 mM Na 3 VO 4 , and 1 mM NaF. Protein concentration was determined using the BCA assay (Thermo Fisher Scientific). Equal amounts of proteins from each sample were loaded into the gel for electrophoresis. Proteins were then transferred to PVDF membranes and probed with mouse phospho-tyrosine (P-Tyr-100), rabbit phospho-(Ser) PKC substrate, rabbit phospho-ERK1/2 (Thr202/Tyr204), or rabbit ERK1/2 antibody (Cell Signaling, Danvers, MA). Rabbit TIE1 antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) and rabbit Calnexin (Assay Designs, Ann Arbor, MI) were also used for immunoblotting. Protein and phosphoprotein levels were determined using quantitative chemiluminescence measurements on a VersaDoc Imaging System Model 5000 or a ChemiDoc XRS (Bio-Rad, Hercules, CA). For MLC2 immunoblotting, the same procedure was used except that BAECs were lysed in 8 M urea, 50 mM Tris-HCl (pH 7.4), 1 mM Na 3 VO 4 , and 1 mM NaF. Antibodies used were rabbit phospho-MLC2 (Thr18/Ser19), and rabbit MLC2 (Cell Signaling).
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Results
Phosphatase Inhibitor Cotreatment Facilitates the Detection of Phosphorylation Changes. Our preliminary studies and published results indicated that phosphorylation induced by Ox-PAPC begins as early as 1 min after treatment and can be transient but is often prolonged and follows a different timecourses for each protein. We selected 40 min of incubation time with Ox-PAPC after a survey of published reports that indicated a large number of phosphorylation events induced by Ox-PAPC peak between 30 min and 1 h. 8, [10] [11] [12] In our preliminary MS phosphoprofiling studies of Ox-PAPC-induced signaling performed in the absence of phosphatase inhibitors, we identified a large number of candidate phosphorylation events with relatively small inductions in response to Ox-PAPC. These studies convinced us that, in the absence of phosphatase inhibitors, it would not be feasible to collect enough samples, using the large number of primary endothelial cells required, to obtain statistically significant results. We reasoned that, by blocking phosphatase activity with inhibitors, we would effectively integrate the kinase-activated signaling events occurring during the first 40 min of treatment and thus result in more phosphorylation candidates.
Immunoblot analysis of global protein phosphorylation confirmed that differences between Control and Ox-PAPC were more apparent when phosphatase inhibitors were employed ( Figure 1A ,B, lanes 1 and 2 compared to 5 and 6). We also observed that the pattern of proteins phosphorylated was different after treatment with Ox-PAPC compared to VEGF-A or TNF-R treatment ( Figure 1A ,B, lanes 3, 4, 7 and 8) indicating that each ligand induces changes in phosphorylation of a different set of proteins. These differences between activators were generally smaller in the absence of phosphatase inhibitor. We further demonstrated that the inhibitory properties of vanadate are distinct and less severe than pervanadate by comparing the effect of vanadate and pervanadate on the tyrosine phosphorylation of untreated and Ox-PAPC treated cells (Figure 2 ). For this study, we monitored phosphorylation of ERK1/2, a protein we have previously shown to be phosphorylated in response to Ox-PAPC. Ox-PAPC induced the phosphorylation of ERK1/2 with, or without, 1 mM vanadate. On the other hand, cotreatment with 1 mM pervanadate increased the levels of ERK1/2 phosphorylation >100-fold obscuring the effect of Ox-PAPC. A similar result was seen using a pan-specific phospho-tyrosine antibody (data not shown). This result confirms that, under the experimental conditions used in our study, vanadate by itself is not causing saturation of sites of tyrosine phosphorylation as seen with pervanadate. 20 On the basis of the above studies, we chose to use these inhibitors to identify candidate Ox-PAPC-induced phosphorylation events in our global profiling studies.
Total Phosphorylation Sites Identified in Aortic Endothelial Cells. The phosphoproteomic method used in this study is based on the enrichment of phosphopeptides followed by identification and quantitation by mass spectrometry ( Figure  3 ). We used two separate enrichment procedures to increase the detection of phosphorylation events induced by Ox-PAPC: (1) immunoprecipitation of peptides containing phosphotyrosine using a pan-specific anti-phosphotyrosine antibody, and (2) fractionation of peptides by strong cation exchange (SCX) prior to enrichment of phospho-serine/threonine peptides with TiO 2 metal affinity. Enrichment of tyrosine phosphorylated peptides using an anti-phosphotyrosine antibody resulted in the identification of 112 unique phosphorylation sites from 80 proteins. Enrichment of serine/threonine phosphorylated peptides resulted in the identification of 831 unique phosphorylation sites from 485 proteins. All 943 phospho-tyrosine/serine/ threonine peptides identified are listed in Supplemental Tables  1 and 2 .
For the phospho-serine/threonine peptides enrichment protocol, we first used solid phase extraction containing SCX resin to divide the phosphoproteome in three fractions and then enriched for phosphopeptides by TiO 2 metal affinity. The characteristics of the phosphopeptides found in each fraction were consistent with the fractionation affinity properties of the corresponding step in the method. Similar to SCX-HPLC, 30 phosphopeptides elute based on their solution charge state calculated at the buffer pH (Supplemental Figure 2) . The number of phosphopeptides found in the three SCX fractions was similar ( Figure 4 ) and 81% of the phosphopeptides eluted in a single fraction. Almost all the overlap occurred in the first two fractions (gray bar in Figure 4 ). After enrichment with TiO 2 , Figure 1 . Phosphatase inhibitor cotreatment increases the detection of phosphorylation events induced by Ox-PAPC, VEGF-A, and TNF-R, and demonstrates distinct effects of the three activators. (a) BAECs were incubated with 40 µg/mL Ox-PAPC (Ox), 50 ng/mL VEGF-A (VEGF), 2 ng/mL TNF-R (TNF-R), or media alone (C) for 40 min in the presence, or absence, of 1 mM vanadate. Immunoblots were probed for phospho-tyrosine using a pan-specific anti-phosphotyrosine antibody. (b) BAECs were preincubated with, or without, 100 nM okadaic acid for 1 h before incubation with 40 µg/mL Ox-PAPC (Ox), 50 ng/mL VEGF-A (VEGF), 2 ng/mL TNF-R (TNF-R), or media alone (C) for 40 min. Immunoblots were probed for an antibody capable of detecting phospho-Ser PKC substrates as an indicator of changes in serine and threonine phosphorylation. The appropriate control solvent (PBS or DMSO) was included in the samples not exposed to phosphatase inhibitors as indicated.
the percentage of fragmentation sequenced peptides containing a phosphorylated residue was 97% in the first two eluting fractions, and 51% for the third fraction (Supplemental Figure 3) . Eighty-nine percent of phosphopeptides enriched by SCX-TiO 2 had only 1 phosphate group, with 10% containing 2 phosphates (Supplemental Figure 4) . In the phosphotyrosine enrichment experiments, the percentage of sequenced peptides containing a phosphorylated residue was 88%.
371 Phosphorylation Sites Induced or Repressed by Ox-PAPC. We observed 371 unique phosphorylation sites (65 phosphotyrosine, 236 phosphoserine, and 70 phosphothreonine) on 228 proteins that changed upon activation of endothelial cells with Ox-PAPC. Tables 1 and 2 list the proteins with the largest changes in phosphorylation induced by Ox-PAPC. The complete list of phosphopeptide quantitation can be found in Supplemental Tables 1 and 2 . The methods described and characterized above to enrich for phospho-tyrosine and phospho-serine/threonine peptides provided consistent results between two biological replicates ( Figure 5 ) and comparisons between biological replicates allowed us to establish ratio and t test p-value thresholds that yield false positive rates of less than 1% (see Methods and Supplemental Figure 5) .
Validation of the Phosphoproteomic Results. A number of phosphorylation events in tyrosine, serine, and threonine residues induced by Ox-PAPC reported in this study were either confirmed by us using phospho-specific antibodies or previously observed by others in bovine or human endothelial cells. Using bovine cells, we validated the Ox-PAPC induced phosphorylation of two molecules, ERK1/2 and myosin light chain 2 (or myosin regulatory light chain 12B; MLC2/MRLC2/ MYL12B). We chose these molecules because antibodies were available against the specific phosphorylation event detected by mass spectrometry and because the Ox-PAPC-induced ratio in phosphorylation was substantial. ERK1/2 has been shown to play an important role in Ox-PAPC action. Ox-PAPC induced ERK1/2 phosphorylation at Thr202/Tyr204 (or Thr185/Tyr187) detected in BAECs (Figure 2 ) was also shown in HAECs, 31 and HUVEC 9 in the absence of vanadate. MLC2 was previously
shown not to be phosphorylated by low concentrations of Ox-PAPC but may be an important regulator of cytoskeletal changes induced by oxidized phospholipids at higher concentrations. Validation of MLC2 phosphorylation at Thr18/Ser19 was done with, and without, okadaic acid ( Figure 6 ). Ox-PAPC increased the absolute levels of phosphorylation of MLC2, the total amounts of MLC2, and the phosphorylation per unit of MLC2 in the presence or absence of okadaic. As this example illustrates, the induced phosphorylation levels reported in Supplemental Tables 1 and 2 may in some cases be a combined effect of Ox-PAPC-induced protein levels and phosphorylation rates. We also validated the role of TIE1 receptor phosphorylation and signaling in the Ox-PAPC endothelial response. The TIE1 experiments are described below at the end of the functional significance section and in Figure 7 . Furthermore, our results confirm several Ox-PAPC-induced phosphorylation sites previously reported in the literature by Western blotting in the absence of phosphatase inhibitor. Our results corroborate the phosphorylation of human paxillin at Ser272 32 (Ser302 in BAECs), eNOS at Ser1177, 11 caveolin-1 at Tyr14, 33 and HSP27 12 induced by Ox-PAPC. Two phosphorylation sites, paxillin at Tyr118 32 and STAT3 at Tyr705, 8 previously reported in the literature to be phosphorylated upon Ox-PAPC activation were also detected in our study but without a significant change in phosphorylation. Taken together these results, and the validations of ERK1/2 and MLC2 (Figures 2 and  6 ), indicate a strong overlap between inhibitor-free and inhibitor-present results considering that most of the phosphorylations observed on Western blots were performed with either different doses of Ox-PAPC, in a different cell species or type, or at a different time of treatment.
We also identified novel sites of phosphorylation of proteins known to be activated by Ox-PAPC. For example, we report here phosphorylation of STAT3 at Thr714/Ser727, JAK2 at Tyr570, and VEGFR2 at Tyr1214. Previous reports show that Ox-PAPC induces the phosphorylation of STAT3 at Tyr705, JAK2 at Tyr1007/1008, 8 and VEGFR2 at Tyr1175. 31 Many other such examples exist, and a number of them are shown in Tables 4  and 5 and Supplemental Table 5 . These previous studies provide further evidence that the candidates identified by MS phospho-profiling using cells stimulated in the presence of vanadate and okadaic acid include phosphorylation events that are induced even in the absence of inhibitor.
Biological Significance of the Individual Phosphorylation Events Induced by Ox-PAPC in Aortic Endothelial Cells for Atherosclerosis. We report here for the first time a large number of changes in phosphorylation upon incubation of endothelial cells with Ox-PAPC. These data provide new information important to an understanding of Ox-PAPC action that may define mechanisms of endothelial cell activation during the early stages of atherosclerosis and other inflammatory diseases that involve oxidized phospholipids. Several of the proteins with a change in phosphorylation in response to Ox-PAPC (Tables  1 and 2 and Supplemental Tables 1 and 2 ) may help to explain the regulation of important effects of Ox-PAPC. Though we are unable to discuss the importance of all of these newly identified phosphorylations, we cite several examples.
We have known for 10 years that the binding of monocytes to endothelial cells depends on the activation of R5 1 integrin, leading to the binding of CS-1 fibronectin to the apical surface of the endothelium. 34 However, the mechanism controlling this activation was not identified. The activation of 1 integrin is a complex process with formation of several different protein Figure 2 . ERK 1/2 phosphorylation induced by Ox-PAPC shows similar trends in the absence or presence of vanadate, but is masked by treatment with pervanadate. BAECs were incubated with 40 µg/mL Ox-PAPC (Ox) or media alone (C) for 40 min. Media used for the duration of the experiment (40 min) contained 1 mM vanadate, 1 mM pervanadate, or no inhibitor. Immunoblots were probed using an antibody to detect ERK 1/2 phosphorylation (Thr202/Tyr204 or Thr185/Tyr187) (top). The blot was then reprobed with an antibody to detect total levels of ERK 1/2 for normalization (middle). The increase in phosphorylation induced by Ox-PAPC was determined by quantitative chemiluminescence and expressed as fold increase compared to cells treated with media alone (Ox:C phospho ratio). The increase in phosphorylation induced by phosphatase inhibitor is expressed as fold increase compared to cells treated with no inhibitor ((inhibitor ratio).
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complexes. The finding in the current study showing that Tyr783 of the 1 integrin is highly phosphorylated in response to Ox-PAPC (Table 1) suggests a mechanism that might control the 1 integrin/fibronectin axis. Phosphorylation of 1 integrin at Tyr783 favors the dissociation of the integrin-talin complex and promotes the association of integrin with tensin leading to a strengthening of the binding to fibrillar matrix molecules like fibronectin. 35 Another novel effect of phospholipid oxidation products is their prolonged activation of several signaling pathways as compared to LPS and TNF. 7 There are many possible mechanisms by which these signals might be prolonged. However, a mechanism we had not considered is suggested by the strong phosphorylation of SHC1 at Tyr 428 (Tyr317 in some isoforms) induced by Ox-PAPC. This phosphorylation was previously shown to control the interaction of SHC1 with GRB2 and mediates the activation of Ras and Rac-1. We have previously published studies showing the sustained and important role of both Ras and Rac-1 activation in the actions of Ox-PAPC. 36, 37 The potential importance of SHC1 phosphorylation in vivo is shown by the observation that the phosphorylation of two other tyrosine residues of SHC1, that also participate in GRB2 activation, are chronically observed in the athero-susceptible areas of the aorta. 38 These studies suggest that SHC1 may be an important candidate for the sustained regulation of several Ox-PAPC induced pathways and our results offer phosphorylation of Tyr428 as a candidate starting point for further mechanistic studies.
Finally, while the cytoskeletal changes elicited by Ox-PAPC have focused on regulation of microfilaments, our data demonstrating multiple phosphorylation sites of vimentin (Table 1 and 2), a major intermediate filament protein, and ARHGEF2 (Table 2 ), a regulator of microtubule structure, suggest that these cytoskeletal components may also play an important role in the effects of Ox-PAPC.
Functional Significance of the Proteins Phosphorylated upon Ox-PAPC Activation. We also conducted functional analysis of proteins with Ox-PAPC-induced phosphorylation to identify important pathways of Ox-PAPC action. We used pathway (KEGG) and gene ontology (GO) enrichment analysis to identify pathways significantly modulated by treatment of cells with Ox-PAPC. Some of the KEGG pathways with the highest enrichment values for induced phosphorylation are shown in Table 3 and the complete list is in Supplemental Table  3 . These include gene products regulating the actin cytoskeleton, adherens junctions, and focal adhesions. The large number of molecules in these pathways with observed phosphorylation changes suggests a major change in cell-cell interaction as well as cell matrix interaction mediated by Ox-PAPC. This result also suggests that Ox-PAPC modulates endothelial barrier function and endothelial cell migration. These pathways control the homeostasis and activation (or dysfunction) of the endothelium. 39 Birukova et al. showed that Ox-PAPC at 20 µg/mL increases endothelial barrier protection while noting that higher concentrations disrupt barrier function by modifying the interaction between adherens junction and focal adhesion in pulmonary endothelial cells. 40, 41 Our phosphorylation studies employed a concentration of 40 µg/mL, within the range expected to disrupt barrier function. In our study, we identified new sites of phosphorylation induced by Ox-PAPC that could regulate actin cytoskeleton and we confirmed others previously reported (Table 4) . Two focal adhesion proteins, zyxin and 4 integrin (Supplemental Table 5 ), are new candidates for major modifiers of the endothelial barrier and endothelial migration during Ox-PAPC activation based on their previously characterized functions. Zyxin is recruited to focal adhesion areas and it is essential in the formation of stress fibers in the activation of endothelial cells by thrombin, an inflammatory agent that increases endothelial barrier permeability. 42 4 Integrin is required in endothelial cell migration. 43 Our results provide candidate proteins whose phosphorylation can be compared between Ox-PAPC treatments of 20 and 40 µg/mL in order to identify critical molecules involved in the breakdown of endothelial junction integrity.
GO terms also indicate important leads to understanding mechanisms of activation and regulation by Ox-PAPC (Table  3 and Supplemental Table 4 ). Prostaglandin E2 receptor subtype 2 (EP2) has been fully characterized as an Ox-PAPCbinding protein that initiates signaling pathways in endothelial cells. 44 However, other initiators of signal transduction may be possible since EP2 does not account for the activation of many of the events initiated by Ox-PAPC such as the induction of IL-8 (an inflammatory chemokine). Among the GO terms enriched by Ox-PAPC is 'protein kinase activity' which includes many Ox-PAPC-induced phosphorylations on kinases that were previously unknown (Table 5 ). This group of phosphorylated proteins includes receptor proteins capable of initiating cell activation through different ligands such as Vascular Endothelial Growth Factor Receptor 2 (KDR/VEGFR2), Ephrin type-A receptor 2 and 5 (EPHA2, EPHA5), and Tyrosine-protein kinase receptor TIE1 (TIE1).
On the basis of initial leads from our phosphorylation profiling, we have validated that VEGFR2 plays a key role in the activation of human aortic endothelial cells by Ox-PAPC.
31
VEGFR2 mediates SREBP and ERK1/2 activation, which leads to the upregulation of IL-8, LDL receptor, and TF (a coagulant factor) mRNA. We previously demonstrated that Ox-PAPC increases the phosphorylation at Tyr1175 and here we show that Tyr1214 is also phosphorylated. The phosphorylation of each residue leads to different downstream targets and different biological responses in the endothelial cell.
45 Table 1 a All events shown here have statistically significant induction. The complete list with all significant events and further details is shown in Supplemental Table 1 .
b Human IPI, Entrez name, and phosphosite sequence are calculated by sequence alignment using Blast. c Phosphorylation at tyrosine, serine, or threonine is indicated by lower case "y", "s", or "t".
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b Human IPI, Entrez name, and phosphosite sequence are calculated by sequence alignment using Blast.
c Phosphorylation at tyrosine, serine, or threonine is indicated by lower case "y", "s", or "t".
Another receptor tyrosine kinase that is phosphorylated upon Ox-PAPC exposure is TIE1, a receptor without a defined ligand.
The phosphorylation of TIE1 induced by other endothelial cell activators such as PMA, VEGF, or shear stress is associated with the cleavage of the receptor. 46, 47 The cleavage of TIE1 is important in regulating the activation of the family member TIE2 by angiopoietins 46 and leads to vascular remodeling. 48 In our validation studies, we found that Ox-PAPC causes the cleavage of TIE1 in HAECs (Figure 7 ). This suggests a new . Ox-PAPC induces the phosphorylation of myosin light chain 2 (MLC2/MRLC2/MYL12B). BAECs were preincubated with, or without, 100 nM okadaic acid for 1 h before incubation with 40 µg/mL Ox-PAPC for 40 min. Immunoblots were probed for MLC2 phosphorylated at Thr18/Ser19 (top). The blot was then reprobed with an antibody to detect total levels of MLC2 (middle) and then for GAPDH (bottom). Numerical levels of phosphorylated and unphosphorylated proteins were determined by quantitative chemiluminescence and GAPDH levels were used to normalize each value for equal loading. The increase in phosphorylation (phospho-MLC2/GAPDH) and protein levels (MLC2/ GAPDH) induced by Ox-PAPC (Ox) are expressed as ratios compared to control cells treated with media alone (C). The fractional increase in phosphorylation per unit of MLC2 (phospho-MLC2/MLC2) between Control and Ox-PAPC is also indicated. Ox-PAPC induced cleavage of TIE1 is potentially initiated by phosphorylation of the receptor based on the increases in phosphorylation observed by mass spectrometry (Supplemental Table 1 ) and previous reports in which phosphorylation induced by other stimuli leads to cleavage. 46 The decrease in 135 kDa TIE1 and the increase in 45 kDa TIE1 induced by Ox-PAPC were determined by quantitative chemiluminescence and expressed as fold increase compared to cells treated with media alone (Ox:C ratio). Tables 3 and 4 . b Enrichment p-values were calculated using the phosphoproteins with statistically significant Ox-PAPC-induced changes in phosphorylation as the gene list and the phosphorylated proteins detected in this study as the background reference set (Methods). Additional pathway enrichment analysis was also done to compare the types of phosphorylated proteins detected in aortic endothelial cells compared to all proteins encoded in the genome. This analysis is fully described in Supplemental Tables 3 and  4 along with additional results.
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mechanism of endothelial cell activation regulated by Ox-PAPC where the oxidized phospholipid causes the cleavage of TIE1 and thus allows for a stronger activation of TIE2 by angiopoietins. While the association between phosphorylation of TIE1 and cleavage of the receptor was known previously, the phosphorylation site that mediates this effect was not known. The site reported here (Tyr1083 in human) is thus a candidate for future mechanistic studies.
Conclusion
To our knowledge, this is the first phospho-proteomic study with oxidized phospholipids as cell activators. We applied phospho-profiling to primary cell culture rather than to cell lines to better represent signaling events taking place in the endothelium in vivo. The overlap of our results with previous findings demonstrates that use of bovine aortic endothelial cells, which are available in the large numbers needed for shotgun proteomics, can provide results of relevance to human endothelial cells. One major difference between the shotgun phosphoproteomic analysis methods used here and other studies is the application of solid-phase extraction cartridges, instead of HPLC, to separate peptides by SCX. This simplifies and economizes sample preparation but may also reduce the number of phosphopeptides that can be identified.
The goal of this study was to identify changes in protein phosphorylation and thus signal transduction induced by Ox-PAPC in aortic endothelial cells, and determine the sites where this modification occurs. In the course of optimization, we added phosphatase inhibitors to prevent transient events from returning to their basal phosphorylation and to facilitate phosphorylation event identification by phosphopeptide enrichment and mass spectrometry. The use of phosphatase inhibitors could artificially result in phosphorylation event inductions not seen in the absence of inhibitors, or could alter the magnitude of phosphorylation event inductions. However, we demonstrated that distinct patterns of phosphorylation induced by Ox-PAPC, VEGF, and TNF-R are observed even in the presence of the phosphatase inhibitors vanadate and okadaic acid (Figure 1 ). These differences indicate that the phosphatase inhibitors do not overwhelm pathway-specific regulation of signal transduction pathways. Furthermore, we have demonstrated that many phosphorylated proteins identified in the present study were also previously identified as phosphorylated, using immunoblotting-based analysis, in cells exposed to Ox-PAPC in the absence of inhibitors (Tables 4 and  5 ). Finally, several of the proteins we identified as being phosphorylated have been shown to play an important role in Ox-PAPC action. Also, we identified candidate phosphorylation sites on a number of proteins that have been demonstrated in previously published studies to be activated after treatment with Ox-PAPC, but where the previous studies had not identified the site of phosphorylation. VEGFR2 activation is important in the inflammatory and pro-coagulant responses to Ox-PAPC. 31 VE-Cadherin phosphorylation and MLC2 phosphorylation will be shown in a forthcoming publication to be important in the increased permeability of the endothelial monolayer in response to higher but subtoxic concentrations of Ox-PAPC. Thus, our studies provide evidence that use of phosphatase inhibitors can aid in the identification of proteins phosphorylated by treatment of cells with Ox-PAPC. However, it remains important to validate any identification reported here with independent testing of activation in cell biology studies in the absence of inhibitors.
In summary, the list of phosphorylation events induced by Ox-PAPC provides many candidate regulators of Ox-PAPC action. Furthermore, our studies identify the specific phosphorylation sites that could modulate this action. As a group, these results point to signaling events that are involved in the initiation of Ox-PAPC-induced activation of endothelial cells (receptor tyrosine kinases) and may influence the phenotypes associated with atherosclerosis such as maintenance, breakdown and infiltration of the endothelial barrier. These systemwide findings provide guidance to better understand the network of signaling events controlling the profound and unique activation of endothelial cells by Ox-PAPC, a molecule implicated in the pathogenesis of atherosclerosis.
